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Background: Cytochrome fis the high potential elec-
tron acceptor of the chloroplast cytochrome bf com-
plex, and is the electron donor to plastocyanin. The
285-residue cytochrome f subunit is anchored in the
thylakoid membrane of the chloroplast by a single
membrane-spanning segment near the carboxyl ter-
minus. A soluble redox-active 252-residue lumen-side
polypeptide with native spectroscopic and redox prop-
erties, missing the membrane anchor and carboxyl ter-
minus, was purified from turnip chloroplasts for struc-
tural studies.
Results: The crystal structure of cytochrome f deter-
mined to 2.3 A resolution, has several unexpected fea-
tures. The 252-residue polypeptide is organized into
one large and one small domain. The larger heme-bind-
ing domain is strikingly different from known structures
of other c-type cytochromes and has the same fold as
the type III domain of the animal protein, fibronectin.
Cytochrome fbinds heme with an unprecedented axial
heme iron ligand: the amino terminus of the polypep-
tide.
Conclusion: The first atomic structure of a subunit of
either the cytochrome b6complex or of the related cy-
tochrome bcl complex has been obtained. The structure
of cytochrome f allows prediction of the approximate
docking site of plastocyanin and should allow systematic
studies of the mechanism of intra- and inter-protein elec-
tron transfer between the cytochrome heme and plas-
tocyanin copper, which are approximately isopotential.
The unprecedented axial heme iron ligand also provides
information on the sequence of events (i.e. cleavage of
signal peptide and ligation of heme) associated with
translocation of the cytochrome across the membrane
and its subsequent folding.
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Introduction
The cytochrome b6f complex is one of three inte-
gral membrane protein complexes involved in electron
transport in oxygenic photosynthesis. The b6fcomplex
occupies an electrochemically central position in the
non-cyclic electron transport chain. The complex ac-
cepts electrons from the oxygen-producing photosys-
tem II reaction center, donates electrons to the nicoti-
namide adenine dinucleotide phosphate (NADP + )-
reducing photosystem I reaction center, and con-
tributes to the electrochemical proton gradient that
drives ATP synthesis [1]. The redox partners of cy-
tochrome fare its donor, the Rieske iron-sulfur protein
of the b6fcomplex, and its acceptor, the soluble cop-
per protein plastocyanin, which carries electrons to the
photosystem I reaction center. The b6fcomplex resem-
bles the cytochrome bq complex of the mitochondrial
respiratory chain and of purple photosynthetic bacte-
ria in its general energy-transducing function, and in a
number of properties of the complex and of its indi-
vidual polypeptides [2].
Cytochrome fis the largest (285 residues, 31 298Da
in turnip chloroplasts) of the four polypeptides with
Mr > 15 000 that constitute the chloroplast cytochrome
b6fcomplex [3], the others being the heme-contain-
ing cytochrome b6 (nIr 23000), the [2Fe-2S] Rieske
protein (Mr 20000), and the cofactor-free subunit IV
(Mr 18 000) [4]. The intact complex contains one copy
of each of the four larger polypeptides and is an inte-
gral protein complex of the chloroplast thylakoid mem-
brane. Cytochrome fcontains the characteristic finger-
print sequence Cys-X-Y-Cys-His of c-type cytochromes,
which is responsible for covalent attachment of the
heme group.
Cytochrome f like cytochrome cl, is anchored to the
membrane by one hydrophobic transmembrane seg-
ment (residues 251-270) near the carboxyl terminus
so that most of the protein (residues 1-250) is located
on the lumen side of the thylakoid membrane (Fig.
la) [3,5,6]. Cytochrome f from turnip, a member of
the Cruciferae family, was chosen for structural work
because the purified protein from this source was re-
ported to be soluble and monomeric [7]. Carboxy-ter-
minal sequencing [8] and electrospray mass spectrom-
etry (unpublished data) showed that the major fraction
of the turnip cytochromefisolated from the membrane
had lost the last 33 amino acids and is a 252-residue
polypeptide (Fig. lb).
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plastocyanin has been studied extensively because the
atomic structure of plastocyanin is known [11], but a
major obstacle to further progress has been the lack
of structural information for cytochrome f We report
here the three-dimensional structure determined at a
resolution of 2.3A of the 252-residue peripheral seg-
ment of the membrane-embedded cytochrome f from
turnip chloroplasts. A report on the crystallization of
the cytochrome domain has been presented [8].
Results and discussion
Crystal structure of cytochrome f
The crystal structure of the soluble domain of
cytochromefwas determined by multiple isomorphous
replacement and has been refined against diffraction
data to 2.3A spacings (Tables 1 and 2, Fig. 2). The
redox-active lumen-side domain of cytochrome fis an
elongated molecule of dimensions 75 x 35 x 24 A (Fig.
3). Two folding domains are positioned end-to-end
along the long molecular axis. The smaller folding do-
main is at the top of the molecule, and the attachment
to the membrane anchor peptide is at the bottom in
the representation of Fig. 3. The heme is bound by the
larger folding domain near the interface with the small
domain. The large domain is discontinuous, encom-
passing residues 1-168 and 232-247. The small domain
is composed of residues 169-231.
Fig. 1. (a) Schematic membrane topography of cytochrome f. The
molecule crosses the membrane once, defining three segments
of the structure with respect to the chloroplast thylakoid mem-
brane. The amino-terminal 250 residues are on the lumen side of
the membrane. The membrane-spanning segment contains the
next 20 residues (251-270), which form the hydrophobic anchor.
The anchor is punctuated by a tripeptide of conserved lysine
residues (271 273) on the stroma side of the membrane and by
the conserved Arg250 on the lumen side. The remaining residues
(271-285) form a carboxy-terminal carboxypeptidase-accessible)
16] segment on the stroma side of the membrane. (b) Amino acid
sequence of turnip cytochrome f [3].
The soluble fragment of turnip cytochrome f has the
same visible absorbance spectrum (redox-difference
peaks at 421, 524, and 554 nm) and midpoint redox po-
tential (0.35-0.38V) as the intact cytochrome in vitro
and in situ [9]. Its rate of oxidation by the physiological
electron acceptor plastocyanin is 2.6 x 107 M - 1 s - 1 at
an ionic strength of 0.3M [10].
No atomic structures have been reported for the bf
or bcl complexes nor for any subunit of either of
these complexes. Thus, it has not been possible to
delineate at a molecular level the electron-transfer or
proton-translocation pathways for either complex. The
electron-transfer reaction between cytochrome f and
Large domain structure
The large domain of cytochrome fis a three-layer struc-
ture dominated by [3-strands. The heme and heme-
binding peptide (residues 1-25) form the front layer
of the domain, and the second and third layers are
antiparallel -sheets. The fold is a marked departure
from other c-type cytochromes, which are predomi-
nantly a-helical. There are only three short helices in
the cytochrome fcrystal structure, all in the large do-
main. The heme-binding peptide comprises two helices
and the loop connecting them, and the third helix is in
a long loop connecting two 3-strands.
Remarkably, the fold of the large domain of turnip
cytochrome fis like that of the type III domain (FnIII)
of the animal protein fibronectin (Fig. 4a). The FnIII
fold has been observed in four proteins with no
functional or known evolutionary connection to cy-
tochrome f These include two domains of the bac-
terial chaperone protein PapD [12], the D2 domain
of human cell-surface glycoprotein CD4 [13,14], two
extracellular domains of the human growth hormone
receptor [15], and the third FnIII domain of the human
extracellular matrix protein tenascin [16]. The FnIII
fold bears an obvious resemblance to the fold of the
immunoglobulin constant domain (Ig-C) and is distin-
guished from the Ig-C fold by the 'sheet switching' of
one 3-strand. The 3-strands of cytochrome have been
labeled in accordance with the immunoglobulin and
FnIII notation conventions: the back 3-sheet contains
13-strands A, B, E, and D, and the front sheet is com-
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posed of PI-strands C", C', C, F, G, and A'. The very
short p3-strands A', C" and D have only three hydro-
gen bonds apiece. The three hydrogen bonds between
strands A' and G define the only parallel 3 structure in
cytochrome f. The seven long 13-strands A, B, C, C', E, F
and G comprise the core of the large domain and form
the FnIII fold.
The topology of the core of the cytochromeflarge do-
main is more similar to the FnIII fold than to either the
Ig-C fold or the immunoglobin variable domain (Ig-V)
fold (Figs 4a and 4b). The core of long P3-strands in
cytochrome f superimposes well with FnIII folds and
with Ig-V and Ig-C domains (Table 3). The three very
short 13-strands (A', C" and D) in the large domain of
cytochrome fare not found in the FnIII fold. Strands
C" and D of cytochrome f are analogous to strands
Fig. 2. Stereo diagram of 2Fo-F c elec-
tron density for P[-strands B (residues
Val44-11e51) and E (residues Glu125-
lle130) from the large domain of cy-
tochrome f. The 2.3 A map is contoured
at the rms density level. Electron density
is continuous for residues 1-248, weak
for residues 249-250, and missing for
residues 251-252.
Table 1. Diffraction data and phasing.
Crystal Dmin (A) #Observations #Unique Completeness Rsym(%)a Ri,0 (%)b #Heavy Phasing powerc
(#crystals) reflections (%/o) atom sites (acentric/centric)
Native 2.3 52 944 (4) 13189 94.7 5.1 - - -
U0 2(Ac)2 2.8 55 521 (3) 7810 99.9 5.7 16.4 5 0.7/0.4
K3UO 2F5 2.8 11527(1) 5795 77.9 5.2 24.2 13 0.8/0.7
EtHgPO4 2.8 28 527 (2) 7 687 97.2 4.6 15.5 4 0.8/0.5
Baker's 2.8 18052(1) 7342 93.6 4.6 27.4 5 1.2/0.8
dimercurial
aRsym Ell- <I> /El where I = observed intensity, <1> = average intensity obtained from multiple observations of symmetry-related re-
flections. bRiso = FpHI - FpII/IlFp where FpI = protein structure factor amplitude, IFpHI = heavy-atom derivative structure factor amplitude.
cPhasing power = rms (IFHI/E), IFHI = heavy atom structure factor amplitude, and E = residual lack of closure.
Table 2. Model refinement.
Number of non-hydrogen atoms 1968
Number of solvent sites 113
Missing residues 251-252
Discretely disordered residues none modeled
Resolution range 6.0-2.3 A
F>Co F F>O
R-factor 19.8 % 20.5 %
Number of reflections 10903 11 286
Free R-factor 27.7 % 28.4 %
Number of reflections 551 572
Rms deviation in:
Bond lengths 0.014 A
Bond angles 2.99'
Ramachandran outliers none
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C" and D of the Ig-V domain by virtue of their posi-
tions in the 13-sheets, but they differ topologically from
the Ig-V fold: -strands occur in the order C DC" C'
in cytochrome fand in the order C C' C" D in the Ig-V
domain (Fig. 4b). Strands A',,C" and D of cytochrome
fare not structurally equivalent to any 1-strands of the
Ig-V domains of Fab New [17]. The large domain of
cytochrome f(184 residues) is nearly twice as large as
the -100-residue FnIII fold found in other proteins.
The additional mass is due to four peptides: the heme-
binding peptide at the amino terminus (25 residues),
a long loop between 13-strands B and C (20 residues),
Fig. 3. Polypeptide fold of cytochrome f.
(a) Stereo ribbon diagram with P-strands
in blue and ac-helices, turns and loops
in pink. The heme is shown in 'ball-and-
stick' representation. (b) Stereo Ca trace
with every tenth C labeled. (Drawn
with Molscript [47].)
two [3-strands and one helix in the loop connecting
strands C and C' (30 residues) and connections to the
cytochrome f small domain between strands F and G
(15 residues).
Cytochrome f sequences are highly conserved across
plant and cyanobacterial species [3]. The FnIII se-
quence motif is widely distributed in animal proteins
but has not been detected in any plant protein [18],
nor are plant proteins members of the immunoglob-
ulin superfamily [19]. The sequence of the bacterial
chaperone protein PapD also does not resemble that
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Fig. 4. Comparison of the cytochrome
f large domain with other domains of
similar structure. (a) Ribbon diagrams of
the core of the large domain of cy-
tochrome f, the tenascin third Fnlll do-
main ([16], PDB [48] entry 1TEN), the con-
stant domain of the light chain (CL) of
Fab New ([17], PDB entry 7FAB), and the
variable domain of the heavy chain (VH)
of Fab New. (Drawn with Molscript [47].)(b) Topology diagrams for each of the
domains in (a).
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of cytochrome f Therefore, despite the common fold,
a common ancestor for cytochrome fand any of the
other domains in which the FnIII fold has been ob-
served cannot be proposed. It is more reasonable to
postulate that the FnIII fold arose in the large domain
of cytochrome findependently from its origins in the
FnIII family, in the immunoglobulin superfamily, or in
PapD.
Small domain structure
The small domain of cytochromefis also dominated by
1-strands. In this case the domain is folded into a small
'jelly roll', centered at the turn between residues 197
and 200. All hydrogen-bonded -strands in the small
domain are antiparallel. The small domain occurs se-
quentially between -strands F and G of the large do-
main with a connection that appears to be flexible (Fig.
3). However, there is a small core of hydrophobic side
chains at the domain junction that may limit flexibility
of one domain with respect to the other. The core
is composed of the side chains of Val60 and Pro231
and the Ca of Gly64 in the large domain and the side
chains of Pro208 and Leu211 and the Ca of Gly210
in the small domain. There is also a hydrogen bond
between the side chain of Asnl67 in the large domain
and the backbone carbonyl of Arg209. All side chains
in the hydrophobic interface and Asn167 are conserved
in cytochromes f
Unusual heme ligation and heme environment
The active center heme nestles between two short he-
lices at the amino terminus of cytochrome f. The sec-
ond helix contains the sequence fingerprint for the
c-type cytochromes (Cys-X-Y-Cys-His, residues 21-25).
As expected for a cytochrome of the c-type, the heme
is covalently attached to the protein through thioether
bonds to Cys21 and Cys24, and His25 is the fifth heme
iron ligand. However, the sixth heme iron ligand is
the a-amino group of Tyrl (Fig. 5). Axial heme iron
ligation by the free amino group of the amino-termi-
nal residue of a protein is unprecedented. Amino liga-
tion was expected for cytochrome f but not from the
amino terminus of the polypeptide. The absence of an
absorbance band at 695 nm for the oxidized protein
indicated that methionine was not an iron ligand for cy-
tochrome f[20], as it is for cytochrome c at neutral pH
[21]. The methionine iron ligand of cytochrome c can
be displaced by an amino ligand, presumably a depro-
tonated lysine side chain, at alkaline pH. Comparison of
visible [22] and near infrared [23,24] magnetic circu-
lar dichroism, electron paramagnetic resonance (EPR)
[23,24] and resonance Raman [25] spectra of Lys-His
cytochrome c at alkaline pH with those of cytochrome
fsuggested that the sixth ligand of cytochrome fwas
an amino group. The conserved Lysl45 was proposed
as a likely candidate for this ligand [25]. In retrospect,
the spectral studies were correct in attributing the sixth
iron ligand to an amino group, although this group
is not derived from lysine. The previously proposed
Lysl45 ligand is 33A from the iron. The c-amino group
of Tyrl with a pK of - 7.2 [26] should be a more stable
ligand than the 6-amino group of lysine (pK 10) in
terms of its protonation state at neutral pH.
The immediate environment of the heme is predom-
inantly hydrophobic. The front face of the heme is
shielded from solvent by Tyrl, Pro2, Phe4, Proll17 and
Pro161. The back face is packed against the side chains
of Cys21, Cys24, His25, Asn153, Gly157 and the back-
bone of residues 154-158. Polar groups in this back-
bone segment are not pointed towards the heme. The
A-B edge of the heme (see Fig. 6) sits directly over
P-strand C of the front 13-sheet in the large domain of
cytochrome f with a close contact to the side chain
of Gly72; side chains of Val74 and Asn70O contact the
porphyrin ring and one propionate substituent, respec-
tively. The B-C edge of the heme contacts Ala5, Tyr9,
Val20 and Val74, and the C-D edge contacts the back-
bone of Tyrl60 and Prol61. The propionate carboxyl
groups of pyrrole rings A and D are accessible to sol-
vent but are also extensively hydrogen bonded to the
side chains of Gln59, Asn70, Arg156, Tyrl60, and to two
ordered water molecules. The N61 atom of the iron
ligand His25 is hydrogen bonded to a well ordered
water molecule, which itself is hydrogen bonded to the
side chain of Asn153 and to two other ordered waters.
These are the only polar groups in the heme-binding
pocket.
The heme is more shielded from solvent in cytochrome
fthan in cytochromes c2 [27] and c [28]. Among non-
polar porphyrin substituents in cytochrome f only the
vinyl methyl group of pyrrole ring C is solvent exposed.
The entire C-D edge of the heme is exposed in cy-
tochromes c and c2, although it is the vinyl methyl
group of pyrrole ring C in cytochrome c that contacts
cytochrome c peroxidase in the complex of these re-
dox partners [29]. In contrast to the porphyrin ring,
the propionate side groups of pyrrole rings A and D
in cytochrome fare solvent exposed; in cytochromes c
and c2, they are inaccessible.
Table 3. Structural similarity of cytochrome f large domain with
other domains.
Protein PDB entry #C, atoms Rms deviationa
PapD, D1 domain 3DPA 47 1.48 A
Tenascin, Fnill domain 1TEN 45 1.66 A
CD4, D2 domain 1CD4 42 1.59 A
Fab New, VH domain 7FAB 47 1.54A
Fab New, CL domain 7FAB 41 1.55 A
Fab New, CH domain 7FAB 40 1.79A
Fab New, VL domain 7FAB 42 1.79 A
PapD, D2 domain 3DPA - _ b
aRoot mean square (rms) deviation between superimposed Cc atoms
from the seven core B-strands of the cytochrome f large domain and
the corresponding C, atoms of the named domain. bThe two 3-sheets
of the D2 domain of PapD could not be superimposed simultaneously
with those of cytochrome f.
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Fig. 6. Schematic diagram of the heme prosthetic group of c-type
cytochromes. Connections to cysteinyl groups on the protein are
shown and pyrrole rings A, B, C and D are labeled.
The heme and the fingerprint peptide are identical in
cytochrome f and cytochrome c, but the heme en-
vironments and other segments of protein structure
are remarkably divergent (Fig. 7). All common atoms
from the fingerprint peptide and heme of cytochrome
f and Rhodobacter capsulatus cytochrome c2 [27], ex-
cluding the propionate carboxyl groups, superimpose
with a root mean square (rms) deviation of 0.33 A. The
same atoms of cytochrome f superimpose with those
of yeast cytochrome c [28] with an rms deviation of
0.35 A. Two classes of c-type cytochromes are defined
by the mode of heme binding to the fingerprint pep-
tide and differ from one another by a 90° rotation of
Fig. 5. Stereo diagram showing the en-
vironment of the heme (red) in cy-
tochrome f. Iron ligands from the pro-
tein are the imidazole group of His25
and the a-amino group of Tyrl. The pro-
toporphyrin IX ring is covalently bound
through its vinyl groups to Cys21 and
Cys24 (sulfurs yellow). The His25 N12-Febond distance in the refined model is
2.0 A. The Tyrl -amino N-Fe bond dis-
tance is 2.0 A. The Fe-(Tyrl N)Tyrl C,)
bond angle is 128 °. An ordered water
molecule near Asn153 is shown in blue.
(Drawn in Molscript [47].)
the histidine ring about the imidazole N-Fe bond and
by different side-chain conformations of the cysteine
and histidine residues [30]. Cytochrome f belongs to
the more prevalent class that includes vertebrate, plant,
and yeast cytochromes c and bacterial cytochromes c2
and c5 51. Beyond the ends of the fingerprint peptide,
the structures of cytochrome f and cytochrome c or
c2 are immediately divergent. As expected from the
gross differences in the protein structures, there is no
conservation of main-chain or side-chain atoms in the
heme-binding pocket nor of chemical groups. The only
chemical group in the heme environment common to
the two proteins, other than the fingerprint peptide, is
the phenyl ring of Phe236 of cytochrome f (Fig. 5),
which is found in an equivalent position and orienta-
tion, relative to the heme and the fingerprint peptide,
as the side chain of PhelO in cytochromes c and c2.
This residue is conserved in cytochromes c, c2 and f
[3,21].
Functional significance of the domain structure
The small domain of cytochrome f contains a lysine
residue, Lys187, which has been cross-linked to Asp44
of plastocyanin, the cytochrome f electron acceptor
[31]. Lys187 is approximately 28 A from the heme iron
and is located near the top of a long patch of positively
charged residues on the surface of turnip cytochrome f
Lysl87, Arg209, Lys66, Lys65 and Lys58 (Fig. 8). In
plastocyanin from the poplar tree, Asp44 is located in
a negatively charged surface region about 20A from
the electron-accepting copper atom [11]. The simplest
postulate, and our working hypothesis, regarding the
pathway of electron transfer between higher plant cy-
tochrome fand plastocyanin is that the small domain
of cytochrome finteracts with plastocyanin through at-
traction of oppositely charged patches on the surfaces
of the proteins. Comparison of amino acid sequences
for cytochrome f: plastocyanin partners supports this
hypothesis. Except for Arg209, the positively charged
,\
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Fig. 7. Comparison of the fold of cy-
tochrome f with the known folds of
soluble c-type cytochromes. (a) Cy-
tochrome . (b) Yeast cytochrome c [28].
(c) Cytochrome c' [30]. Color scheme as
for Fig. 3a. (Drawn with Molscript [47].)
patch on the surface of turnip cytochrome f is con-
served in the higher plant cytochromes f as is the nega-
tively charged patch on the surface of higher plant plas-
tocyanins. However, the basic patch is totally missing
from cyanobacterial cytochromes f and partly missing
from a green alga sequence [3], and there appear to
be positive charges in the area of the acidic patches
of some plastocyanins from these organisms [32]. The
electrostatic hypothesis is presently of limited use in
constructing a model for an electron transport com-
plex between cytochrome fand plastocyanin. First, the
cross-linked complex may be incompetent in electron
transfer [33]. Second, if the connection between do-
mains is at all flexible, then another conformer of cy-
tochrome f different from that in the crystal structure,
may exist in the complex with plastocyanin. The large
domain of cytochrome fcontains the beginning of the
membrane anchor peptide and therefore must be ad-
jacent to the membrane surface. We hypothesize from
the cytochrome fstructure that the large domain me-
diates interaction with the Rieske iron-sulfur protein,
which is the electron donor associated with the thy-
lakoid membrane. This hypothesis, along with the plas-
tocyanin cross-linking result, implies that the pathway
of electron flow is from the redox center of the Rieske
protein, through the large domain of cytochrome f to
the heme and on to the copper-containing electron
acceptor, plastocyanin.
From the protein structure and EPR spectroscopy
of oriented membranes containing cytochrome b,
we can propose an orientation for the cytochrome f
molecule with respect to the membrane surface. The
cytochrome f heme has been found, by EPR spectr-
oscopy, to have a broad distribution of orientations
relative to the membrane plane, centered at an angle
of 25-30 ° between the heme and membrane planes
[34,35]. The heme plane is tipped approximately 20°
from the long axis of the large domain of cytochrome
f An oblique and perhaps flexible orientation of the
long axis of cytochrome f relative to the membrane
surface can be inferred. To achieve the heme orienta-
tion deduced from the EPR results, the long axis of the
large domain of cytochrome fmust be tipped at least
40° from the perpendicular to the membrane plane.
However, flexibility of the tether between the large do-
main of cytochrome fand its membrane anchor may be
limited by a very short tether (residues 247-250) that
is punctuated on both sides by residues firmly fixed in
their respective structures. Immediately preceding the
tether, Gln246 terminates -strand G in the core of
the large domain; 3-strand G, from residues 244-246,
is anchored in the structure by hydrogen bonds to 3-
strand F on one side and to 3-strand A' on the other.
Following the tether, Val251 is the first residue of the
membrane anchor peptide, which is judged from its
20-residue length to be entirely within the non-polar
membrane bilayer.
Consequences for protein translocation and assembly
Cytochrome fis synthesized in the chloroplast stroma,
and the lumen domain is subsequently transported
across the chloroplast thylakoid membrane. An impor-
tant conclusion from the observation of heme iron lig-
ation by the amino-terminal -amino group is that
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incompletely folded before cleavage by the appropriate
signal peptidase. This represents a simple biochemical
strategy for maintenance of the unfolded state prior to
protein translocation.
Fig. '8. Ca trace of cytochrome f showing the side chains of basic
residues near Lys187, which can be chemically cross-linked to
Asp44 of plastocyanin [31]. Lys187 and Arg209 form a cluster on
one side of the small domain that is adjacent to Lys66, Lys65
and Lys58 on the large domain. All of these basic residues are
solvent-exposed. (Drawn with Molscript [47].)
the redox center of cytochrome f cannot be assem-
bled until the amino-terminal signal peptide has been
removed. This processing event probably occurs after
the signal peptide is translocated into the thylakoid lu-
men because the enzyme activity of the signal peptidase
for cytochromefis membrane-associated [36], and be-
cause the signal peptidase for the lumenal protein plas-
tocyanin is known to be located on the lumenal side
of the membrane [37]. Therefore, assembly of a func-
tional redox center in cytochrome frequires that trans-
location across the membrane proceed sufficiently far
to allow cleavage of the cytochrome fleader peptide.
The use of the amino-terminal a-amino group as the
sixth heme iron ligand can also be viewed as a con-
trol mechanism to ensure a proper delay in the onset
of protein folding. It is generally accepted that pro-
teins should remain unfolded during their translocation
across or into the membrane [38,39]. If heme incorpo-
ration, including ligation by the amino terminus of the
mature protein, is a critical step in cytochromeffolding,
then the interdependence of signal peptide cleavage
and heme ligation should ensure that cytochrome fis
Relation to cytochrome c1
The analog of cytochrome f in mitochondrial elec-
tron transport is cytochrome cl. Can structural results
from cytochrome f be applied to cytochrome cl? The
Cys-X-Y-Cys-His heme-binding fingerprint occurs near
the amino terminus, and the single membrane an-
chor segment is near the carboxyl terminus of both
proteins. The lumen-side segment of cytochrome fis
longer than the extra-membrane domain of mitochon-
drial cytochrome cl by approximately 70 residues -
the length of the cytochrome f small domain. How-
ever, the amino acid sequences of cytochromes fand
cl have very low identity apart from the heme-bind-
ing fingerprint, as previously noted [40], making se-
quence alignment unreliable. The situation as regards
heme iron ligation is particularly unclear. Residues 1-25
of cytochrome f enclose the heme with iron ligation
provided by the amino terminus and His25. However,
the length and sequence of the peptide preceding the
five-residue heme-binding fingerprint is not conserved
among cytochromes cl. Magnetic circular dichroism
and EPR spectroscopic studies on the nature of the
sixth iron ligand in cytochrome cl imply that it is a
methionine, as in soluble cytochrome c. However, it
has been noted that these spectroscopic methods may
not be definitive because the set of available refer-
ence compounds is limited [23]. In addition, a fusion
of Bradyrhizobium japonicum cytochromes b and cl
produces a functional cytochrome cl [41]. The fusion
is between the carboxyl terminus of cytochrome b and
the amino terminus of cytochrome cl, suggesting that
the amino-terminal residue of cytochrome cl may not
be a heme iron ligand. Thus, despite segmental and
functional similarities between cytochrome cl and cy-
tochrome f the extent of structural homology between
the two proteins is uncertain.
Biological implications
A great deal of structural information exists
for the soluble electron transport proteins cyto-
chrome c and plastocyanin, which mediate elec-
tron transfer from the cytochrome bc1 complex
to cytochrome oxidase in the electron transport
chain of mitochondrial respiration, and from the
cytochrome b6f complex to photosystem I in
oxygenic photosynthesis, respectively. This work
provides the first atomic structure for any com-
ponent of either the bcl or the b6f complexes,
which are virtually ubiquitous in energy-transduc-
ing membranes.
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Three aspects of the structure of the 252-residue
lumen-side domain of cytochrome f are with-
out precedent among the c-type cytochromes.
The first is the predominance of 3 structure in
the protein fold. The second is the presence
of two readily discernible domains. The large,
heme-binding domain has a topology identical to
that of the type III fibronectin domain, which
has not been identified previously in any pro-
tein from a plant source. The small domain is
distant from the carboxy-terminal membrane an-
chor and includes a lysine residue that cross-
links to plastocyanin, suggesting that it may con-
tribute to the plastocyanin docking site(s). The
large domain is immediately adjacent to the mem-
brane anchor and may be associated with binding
of the high-potential Rieske iron-sulfur protein,
which is the membrane-bound electron donor to
cytochrome f
The third unprecedented aspect of the structure
is the heme ligation by the a-amino group of the
amino-terminal residue of the protein. Ligation of
this kind has not previously been described in
any cytochrome or other heme-binding protein.
Its discovery has implications for the sequence of
events associated with import of the cytochrome
into the thylakoid membrane, and its folding and
assembly. Several translocation events must occur
before the folding of functional cytochrome f is
complete. The signal peptide must first span the
thylakoid membrane, exposing its cleavage site
on the lumenal side; the soluble segment of the
mature protein, including the heme-binding site,
must then cross the membrane and the signal
peptide must be cleaved. It is generally believed
that membrane proteins remain unfolded during
translocation. If heme iron ligation is an impor-
tant step in the folding of cytochrome f then
the structure may have revealed a previously un-
described biochemical strategy for maintaining a
protein in an unfolded, translocation-competent
state.
Crystals were grown as described by Martinez et al. [8]. The
space group is P2 12121 with a = 79.2A, b=81.9, c = 46.3 A, and
one cytochrome fmolecule in the asymmetric unit. The solvent
content of the crystals is 54 % (by volume) assuming a partial
specific volume of 0.75 cm3 g- 1 for the protein. Crystals diffract
to at least 2.3 A spacings at room temperature. Mercury derivative
crystals were prepared by chemical modification of the protein
[42] in the crystal followed by conventional soaking. Uranium
derivative crystals were prepared by soaking.
All data were measured with conventional CuK, X-radiation us-
ing an Elliot G20 rotating anode operating at 35 kV, 40 mA with
a graphite monochromator. Data were collected on a Siemens
area detector diffractometer at room temperature ( - 22°C) from
crystals oriented with a principal axis coincident with the os-
cillation axis. Data were integrated with XDS [43], and all fur-
ther processing was done with the CCP4 package [SERC (UK)
Collaborative Computer Project 4, Daresbury Laboratory, UK,
1979]. The position of the heme iron was established in a native
anomalous difference Patterson map. Major sites for each deriva-
tive were located by analysis of isomorphous difference Patter-
son maps, and minor sites were found in difference Fourier
maps. Heavy atom parameters were refined using the program
MLPHARE [44]. Anomalous scattering data from all derivatives
except uranyl pentafluoride were included in the phasing cal-
culation and were also used to determine the correct enan-
tiomorph. The uranium derivatives had heavy atom sites in com-
mon, as did the mercury derivatives. The mean figure of merit
for acentric/centric phases to 2.8A was 0.69/0.74.
The 2.8A multiple isomorphous replacement anomalous scatter-
ing (MIRAS) map had a clear definition of solvent and protein.
The main chain could be traced without ambiguity. No phase
refinement was done. Program O was used for model building
[45]. The R-factor for the initial model was 45.3%. This was
reduced to 24.2 % in one round of simulated annealing with
X-PLOR [46]. Further refinement against the 2.3 A data was also
done with X-PLOR. The current model has a real-space correla-
tion coefficient [45] with the MIRAS map of 0.82. This value was
0.78 for the initial model. The model has been deposited with
the Brookhaven Protein Data Bank.
Structure-based sequence alignment of cytochrome fwith other
proteins was accomplished by visual superposition of Ca back-
bone traces (see Table 3). For each pair of structures, superpo-
sitions were then determined for all aligned C, atoms common
to the core of seven 13-strands. No loop residues were included
in the superpositions, and no upper distance cut-off was used
to exclude Ca atoms in -strands.
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Materials and methods
The 252-residue lumen-side polypeptide fragment of cyto-
chrome f cleaved after Gln252, was prepared from turnip
chloroplasts according to the published protocol [7], except
for the addition of protease inhibitors (0.5 mM phenylmethylsul-
fonyl fluoride, 2 mM benzamidine, 2 mM E-aminocaproic acid) to
the resuspension medium after acetone precipitation. Fractions
from the final hydroxyapatite column with OD554:OD280 ratios
> 0.95 were collected, concentrated, and stored at -70'C in
1 mM dithiothreitol, which was present during and after the first
chromatography step.
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